Jordan lies in high solar insolation band and the vast solar potential can be exploited to convert saline water to potable water. The most economical and easy way to accomplish this objective is using solar still. Modeling and performance analysis of a single slope tilted solar still were investigated in this paper A computer simulation of the still is carried out to examine and predict its unsteady-state thermal performance. Runge-Kutta method of the fifth order was used to solve the developed partial differential equations numerically for the theoretical model of the solar still, and with the transient effects accounted for. Prediction of the time-dependent temperature distribution along the absorber plate for the brine water, the absorber, and glass cover was achieved. The thermal efficiency of the solar still over a day was predicted at different operating conditions (Solar input, ambient temperature, dust and wind velocity). The results of the simulation mathematical model were validated by comparison with experimental data obtained from an experimental tilted solar still system that has been built for comparison purposes. The performance of both systems, theoretical and experimental, is assessed under the same conditions. Numerical and experimental results showed reasonable agreement, and the best performance was obtained at flow rate of ṁ of 0.348 kg/h for both the experimental and numerical results. Also, the work indicates that the theoretical model can be employed in the design of solar stills.
Background
The demand for fresh water has been on the rise due to population explosion and rapid industrial growth all over the world, whereas the availability of drinking water is decreasing day by day. To overcome this problem there is a need for some sustainable source for water distillation. However, economic considerations may render conventional distillation of brackish or saline waters that may be found in deserts and sea shores, respectively. Therefore, solar energy, despite being a much lower grade energy source than electric power or fossil fuel, would be a potential option for distillation through using stills in such places. Duffie and Beckman (1991) reported that for places whereby plenty of solar energy is available and the demand for fresh water to provide hygienic potable water is not too large, solar still would be an ideal solution for a single house or a small community. The application of solar energy to domestic water distillation is highly feasible in Jordan, due to the annual daily average solar irradiance in Jordan ranges between 5 and 7 kWh/ m 2 (NASA Surface Meteorology and Solar Energy 2015) which is about 40 % higher than many regions of Europe and most of North America. The rate of penetration of solar systems is expected to increase during the coming years, resulting in a considerable decrease in environmental pollution.
There are several types of solar distillation stills that have been devised for converting available brackish or waste water into potable water. The horizontal basintype still is one of these. And because of its low productivity, it is not commonly used. On the other hand, tilted solar stills heat up more rapidly, operate at higher mean temperatures, have lower thermal capacity, and produce somewhat more potable water. There are also other types of solar stills that have been evolved, such as multistage flash distillation stills and solar concentrator stills. Previous work on solar stills by researchers in the open literature is divided into two sections: experimental and numerical as described hereafter.
Experimental work
Solar stills have been thoroughly studied experimentally to improve the productivity of all types of solar stills, whether passive or active systems. Some researchers, (Tiwari et al. 2003; Murugavela et al. 2008; Kaushal 2010; Kabeel and El-Agouz 2011; Velmurugana and Srithar 2011; Sampathkumar et al. 2010; Xiao et al. 2013) , have reviewed the studies and developments of research work on both passive and active solar still distillation systems. The basin-type solar stills are the most frequently studied over the years by researchers of solar distillation systems. Their investigations have been directed towards improving the daily distillate output per unit basin area of solar still (Naim and Abd El Kwui 2002; Abu-Hijleh and Rababah 2003; Al-Hayeka and Badran 2004; Badran and AlTahaineh 2005; Tiwari and Tiwari 2006; Sahoo et al. 2008; Abdallah et al. 2009 ). Various techniques to enhance the yield of distilled water from tilted solar stills have been experimented and presented by many researchers, for example, a tilted double-sided solar still (St. Headley 1973) , an inverted trickle solar still , and tilted wick solar still (Tripathi and Tiwari 2004) and (Tanaka and Nakatake 2007) . Recently, different designs of solar stills were proposed and investigated by researchers. Among them, the design of basin type double solar still (Murugaval and Srithar 2011) , a weir type cascade solar still , an integrated basin solar still with a sandy heat reservoir (Tabiriz and Sharak 2010) , a tubular type (Ahsan et al. 2012 ), a wick type solar still (Mahdi et al. 2011) , and finally a conventional single sloped solar still and a modified stepped solar still (Kabeel et al. 2012) .
Numerical work
To ensure high quality and satisfactory performance of solar still systems, computer simulations are being used to optimize the design of a typical system. Many researchers, therefore, performed theoretical and numerical analysis of solar stills. Fath and Hosney (2002) presented a theoretical study of the thermal performance of a single-sloped basin still with enhanced evaporation and a built-in additional condenser. Abu-Arabi et al. (2002) modeled a solar still with cooling water flowing between a double-glass cover, and found that the effects of the cooling water flow rate and the glass spacing on productivity were small. Voropoulos et al. (2003) developed an analytical simulation method of energy behavior of solar stills, where the main climatic data and operating conditions of the still with distilled water output on day and night base were related to linear equations using characteristic coefficients determined by experiments.
Additional numerical works on passive and active solar stills for different Indian climatic conditions were carried out by Singh and Tiwari (2004) . Their results showed that the annual yield mainly depends on water depth, inclination of condensing cover, and the collector for both passive and active solar stills. Janarthanan et al. (2005) derived an analytical expression for the thermal efficiency of evaporative heat loss and heat transfer for open-and closed-cycle systems of floating tilted wick solar stills in terms of system design and climatic parameters. Shukla and Sorayan (2005) derived expressions for water and glass temperatures, yield, and efficiency of both singleand double-slope multi-wick solar distillation systems in quasi-steady state conditions. Tiwari and Tiwari (2007) conducted a seasonal performance analysis for six different water depths in a single-slope passive solar still of cover inclination of 30°. They found that the lower water depth gave the highest annual yield. They also developed a thermal model that validated the hourly yield for various water depths in summer and winter. Khalifa and Hamood (2009) derived four correlations to illustrate the effect of solar radiation, dyes, cover slope, and brine depth on the productivity of the basin type solar still. The correlations developed showed that the solar still productivity could be influenced by the brine depth alone up to 33 %, and by the tilt angle alone up to 63 %. The still productivity could be enhanced by adding dark soluble dye to the brine by up to 20 %. Tanaka and Nakatake (2009) presented a theoretical analysis of a tilted-wick solar still with an inclined flat plate external reflector on a winter solstice day at 30°N latitude. Their results showed that the daily amount of the distillate of a still with an inclined reflector would be about 15 or 27 % greater than that with a vertical reflector when the reflector's length is half of or the same as the still's length. Madholpa and Johnstone (2009) carried out a numerical study of a passive solar still with separate condenser. They reported that the theoretical productivity was 62 % higher than that of the conventional still.
Some researchers claimed that the performance of solar still can be improved using a hybrid photovoltaic/ thermal (PV/T) system (Dev and Tiwari 2010; Kumar et al. 2010 ). In addition, Velmurugan and Srithar (2011) carried out an extensive review of numerical as well as experimental investigations on basic types of solar still. Ahsan et al. (2013) presented a detailed comparison of several numerical models for the estimation of water production from a solar water distillation device. They concluded that present evaporation and condensation models are the most reliable tool for predicting the daily production of water. Murugavela et al. (2013) reviewed different methods to improve the effectiveness of the inclined solar still by different researchers and compare their performance.
In this work, a computer simulation model for studying the unsteady-state thermal performance of a single tilted solar powered still which takes into account the thermal capacitance of the still is presented. The energy balance equations of an element along the solar still are formulated and solved simultaneously using the numerical method of Runge-Kutta. In addition, A comparative study between the computer simulation results and the experimental data obtained was carried out under the same conditions for validation.
Experimental system and procedure

Experimental rig setup
The experimental system as shown schematically in Fig. 1 has been used to provide comparison and validation for the mathematical model employed.
The absorber of the proposed single tilted solar basin is manufactured from steel sheet of 1.25 mm thickness, 100 cm length, and 50 cm width. The depth of the solar still is 10 cm. The absorber was painted with matt-finish black to enhance its absorptivity of sun radiation and was placed towards the south and tilted 20° to the horizontal, which provided an almost uniform thickness of a thin layer of water flow. Also, the tilted angle 20° towards the south is optimum for solar radiation as reported by Reindel et al. (1990) and Perez et al. (1990) , respectively. The cover was clear glass of 6 mm thickness. The casing to the absorber was made of 1 mm thick galvanized iron and of slightly larger size, thus allowing fiber-glass insulation to be placed at the sides (25 mm thick) and backside of the absorber (50 mm thick). The glass cover was sealed to the casing using a weather strip and silicone rubber all around.
The absorber was fed by a constant head water tank that uses a float. The water was sprinkled uniformly at the top side of the absorber using galvanized pipe of ½ inch in diameter with 25 drilled holes each of 1 mm diameter. The spacing between any two successive holes was 20 mm, thus producing a nearly uniform film flow of water sliding down over the absorber plate. The flow of brine water was regulated by a calibrated valve placed between the water tank and the water pipe distributor in the absorber. The distilled water produced was collected by a half cylinder shaped steel sheet located at the underneath lower end of the glass cover, after which the distilled water is collected in vessels.
The entire system was supported and mounted on a base framework made of angle iron bars. The whole system could be adjusted manually and be set at any inclination angle. The various system temperatures were measured using calibrated type K-type thermocouples inserted at many locations in the system. Three thermocouples were placed at the absorber surface, two on the inside of the glass cover, one on the outside of the cover, and others to measure the water inlet, outlet, and distilled temperatures. A pyranometer was used to record the global incident insolation, which was fixed to a small base at one side of the casing at the same absorber inclination angle.
Experimental procedure
Experimental measurements were carried out as follows:
1. Measurements of total sun insolation at various temperatures every hour per day for a number of days at four different flow rates of water. These flow rates were 0.288, 0.348, 1.164, and 2.280 kg/h. The temperature of the water in the small water tank was taken as the temperature of the ambient at start, and the high irradiation during the testing days produced distilled water as indicated in the experimental results. 2. The amounts of the distilled water and the saline water were also taken hourly during the course of the experiment. The waste brine water is flushed out as often as necessary, then collected in vessels and removed away. It should be noted here that an accurate valve was used to regulate the flow of brine water through the solar still at a fixed rate for the whole day time of the experimental run. The valve was calibrated in situ and was kept under constant head during the time of the experiment.
System simulation
The present analysis represents models of the governing equations of the inclined single solar basin still by formulating both the temperature of the water flow and that of the absorber as functions of two independent parameters: the space coordinate along the axial distance for the brine water flow in the still as the first independent parameter and, the time as the second. Furthermore, the solar still was divided into axial elements with the assumption of linear variation of the temperature of the water flow, the cover, and the absorber along the element. In this way, only the time was kept as a single independent variable for each axial element, and the lumped model was employed for each element, which led to a coupled system of differential equations. Lumped models are frequently applied for analysis purposes in solar systems; Edenburn (1976) , Garld and Kuehn (1989) and Ammari and Nimir (2003) .
The resulting system of differential equations was, therefore, solved simultaneously and computationally using Butcher's Runge-Kutta method of the fifth order, Chapra and Canale (1990) . The temperature of each of the water flow, the glass cover, and the absorber elements as functions of the axial direction and time were predicted. In addition, the performance of the solar still was evaluated by computing the system efficiency over the period of a day. The inclined single solar basin still was computationally divided into a number of elements along the axial fluid flow direction. Each element was fragmented into three parts: the absorber plate, the brine water flowing over the absorber, and the glass cover as shown in Fig. 2 . The energy balance equation was then applied simultaneously to each of the three parts of the elements. The solar absorption and energy transfer mechanisms are also shown in Fig. 2 .
The inclined single solar basin still was fully simulated as in the experimental setup. The simulation takes into account the position of the system to the south and inclined at an angle of 20°.
Governing equations
The energy conservation equation is applied simultaneously to each of the three parts of an element, glass cover, absorber plate and saline water, taking into consideration the unsteady-state thermal performance of each part (Ammari and Nimir 2003) . Three separate control volumes are considered in the analysis of an element of the solar still: the glass cover, the absorber plate and part of the insulation, and the saline water as shown in Fig. 2 . However, the following assumptions as reported by Shanmugan (2014) are considered for the energy balance equations of glass cover, absorber plate, and saline water: • There is no vapor leakage in solar still.
• It is an air tight basin and hence no heat loss.
• There is no temperature gradient across the basin water and glass cover of solar still.
• Water level inside the basin maintained at constant level.
• The governing heat transfer coefficients in the still are temperature-dependent.
Considering an element of length Δx and width W, the energy balance equation for the control volume of the glass cover is where (1)
heat transfer by radiation from ambient air to glass cover
heat transfer by convection from water to glass cover (2c)
heat transfer by radiation from water to glass cover (2d)
heat transfer of evaporation By substitution of Eqs. (2a-2g) into Eq.
(1) and rearrangement of parameters, the following differential equation is obtained for the temperature of the glass cover element:
The energy balance equation for the absorber plate and part of the insulation is where (2e)
: heat transfer by convection from glass cover to ambient air (2f)
heat transfer by radiation from glass cover to ambient air (2g)
rate of energy change of glass cover
q I,p = I(t)A τ g τ w α p : heat transfer by radiation to absorber plate (5b)
heat transfer by convection from absorber plate to water (5c) q p, loss = q p,bottom + q p, side : heat loss from the absorber plate (5d)
heat transfer from the bottom of the absorber to air
heat transfer from the side of the absorber to air (5g) R s, total = R s, insulation + R s, casing + R s, convection : total thermal resistance (5h) 
q I,w + q c,p−w + q in = q c,w−g + q r,w−g + q evap + q out + ∂e w ∂t ,
q I,w = I(t)A τ g α w : heat transfer by radiation to water film
heat transfer by convection from absorber to water film (8c) q in =ṁ w C pw T w,i (x, t) : heat in the water film element of tilted solar still.
(8d)
: heat transfer by radiation from water to glass cover (8e)
: heat transfer by radiation from water to glass cover (8f)
: heat out from the water film element of the tilted solar still.
(8h)
∂e w ∂t = ρ w Cp w V w ∂T w (x, t) ∂t : rate of energy change of water film
and
These two assumptions are assumed viable for the brine water element, which is too short in length, regardless of the length of the absorber. Therefore, the differential equation for the temperature of the brine water element becomes Note that where δ is the thickness of the brine water film layer over the absorber plate, which was assumed based on the experimental observations, and it was on average around 0.1 mm.
The condensation rate ṁ c is obtained by
The performance of a solar basin still could be evaluated by calculating its efficiency, η(t), as
The correlations employed to estimate the convection heat transfer coefficients, h c,w−g , h c,g−a , and h c,p−w , the radiation heat transfer coefficients, h r,w−g and h r,g−a , and the evaporating heat transfer coefficient h evap are given in "Appendix". In the simulation process, the axial direction was for 0 ≤ x ≤ L, where L is the solar still total length, and the time was 12 h from sunrise to the sunset, 6 a.m. ≤ t ≤ 6 p.m.
Simulation method
Boundary and initial conditions
The temperatures of the glass cover, the absorber plate, and the water elements were solved based on the boundary and initial conditions, which were the functions of the flow in the axial direction, x, and the time, t. The initial conditions at x = 0 to L for the main solar still components were taken as follows; for the glass cover T g (x,0) = T a (0), for the absorber plate, T p (x,0) = T a (0) and the water inlet and outlet of solution; T w,i (x,0) = T w,o (x,0) = T a (0). Also, the boundary conditions at t = 0 to 12 h for the same components were taken as follows for the glass (9)
cover; T g (0,t) = T a (t), for the absorber cylinder; T p (0,t) = T a (t), and the water inlet and outlet T w,i (0,t) =T a (t).
Solution method
Runge-Kutta method of the fifth order was used to solve simultaneously and numerically the governing equations for the temperatures of the glass cover, the absorber plate, and the water flow elements for the solar still. The outlet water temperature of the elements was attained by the numerical solution of Eq. (9) according to Runge-Kutta method of the fifth order as follows:
where and f w t, T w,0 i,j = the right hand side of Eq. (9).
Similar numerical solution of Eqs. (3) and (6) was employed to compute the time-dependent temperature distribution along the glass cover and the absorber plate parts of the elements, respectively, using the fifth-order of Runge-Kutta method.
Procedure
Polynomial relations of the variation in the water and air thermophysical properties with temperature were accounted for using these properties as functions of temperature (Kreith and Bohn 1993) . The temperatures
where Ni = L/�x, with �x = 10 mm
where N j = total time/�t, with �t = 10 s, used were mean temperature of water element, absorberwater temperature, absorber-ambient air temperature, glass-water temperature, and glass-ambient air temperature. Furthermore, the water flow type over the absorber plate, laminar or turbulent, was evaluated for each flow rate considered since the heat transfer coefficient is very sensitive to the regime. The present computational procedure was, therefore, based on the water flow, and it was iterative since the temperatures and consequently the heat transfer coefficients were recalculated during a time step. The simulation program was written in Fortran, and the time increment used, Δt, was as small as one second.
Results and discussion
The thermal performance of the tilted solar water basin at unsteady conditions was investigated. A comparison of the simulation results with the experimental measurements was initially made to verify the modeling used. In the modeling, convergence of solutions was achieved. The model incorporated the following assumptions:
• Uniform temperature distribution across any element.
• Uniform brine water flow at the inlet and downstream over the whole of the absorber.
• Uniform distilled water layer over the whole underneath area of the glass cover.
• Design parameters of typical solar water stills were considered.
The measured global radiation during the course of the experiments of 4 days is depicted in Fig. 3 . Maximum daily measured irradiation values of 1240, 1050, 1175, and 970 W/m 2 were obtained during the following days: 11, 12, 13, and 14 of April, 2007, respectively. The global radiation trends were also used in the numerical solution.
Fig. 3 Measured global radiation intensity
Also, solar radiation intensity is found to be the maximum at noon and then decreases gradually till 5 pm.
A comparison between the experimental data and the analytical results for the average temperature of the glass cover is presented in Fig. 4a-d . The temperature results were for four different mass flow rates of water of 0.288, 0.348, 1.164, and 2.280 kg/h and with measured radiation intensity during the days of running the experiments 11, 12, 13, and 14 of April, 2007, respectively. Also, Fig. 4 includes the ambient air temperature during the days of conducting the experiments.
It is clear from Fig. 4 that all the measured and computed glass cover average temperature trends as well as the ambient are similar in that they gradually start to increase in the morning with the increased radiation intensity, reaching a maximum early afternoon due to the thermal capacity of the system and decreasing slightly in the afternoon as the radiation drops off till 5.00 p.m. The predicted glass cover average temperature matched the corresponding experimental measurements reasonably closely, with best agreement at ṁ of 0.288 kg/h. It should be noted here that the temperature T g, inside for a mass flow rate ṁ of 0.288 is higher than the other days because the hourly measured irradiation values (8.00 a. m. to 5.00 p.m.) during the day 11 of April 2007 is the highest compared with the other days 12, 13, and 14th of April 2007. Consequently, the temperatures of T g, inside and T g, outside of the glass cover would be higher on 11 April (Fig. 4a) . Furthermore, it is observed that that the difference in temperature between T g, inside and T g, outside shown in Fig. 4a is the highest compared with that of other days. This can be attributed to the higher values of hourly measured irradiation on the 11th of April compared with the other days, and to the lowest mass flow rate of brine water. Figure 5a , b shows the numerical and experimental results of the absorber plate temperatures variation with time for different mass flow rate of water flow and ambient temperatures. It can be observed that the temperature trends of the absorber plate temperature are the same, although the numerical results over predicted the systematic experimental measurements most of the day for the three higher mass flow rate of water flow (0.348, 1.164, 2.280) kg/h with a maximum difference of about 17 %, except at the lowest water mass flow rate of 0.288 kg/h.
A comparison between the experimental and the numerical results for the distilled water produced is displayed in Fig. 6a, b . The investigation was conducted under the measured conditions of solar irradiation and ambient temperatures of the 11th, 12th, 13th, and 14th days of April 2007, corresponding to the mass flow rates of brine water considered. The comparison covers the variation of distillate water produced with day time. It can be seen that the distillate produced starts almost at the same early hours of the morning and starts to increase with increased irradiation. As the time approached mid day, higher values particularly at the low water mass flow rate of ṁ = 0.348 kg h 0.384 are observed, But as the day proceeded, the distillate production decreased gradually. This behavior was observed regardless of the water mass flow rate within the range tested. In general, similar trends and behaviour during the whole day were noticed, although the increase in the distillate production of the numerical results reveals discrepancies in comparison with the predicted experimental results, and in particular, around mid day, the differences were more substantial. It is observed that the experimental distilled water production (m = 0.348 kg/h) is higher than that in the other days. This is can be attributed to the hourly irradiance values and lower heat transfer losses on that day.
The daily total distillate collected over the course of measurements, in addition to these computed, is shown in Table 1 . The total difference percentage is due to the fact that it represents the summation of differences over the whole day. The largest difference in total daily distillate produced can be seen at the lowest water mass flow rate as the brine water over the absorber had more time to absorb heat from the rapidly absorbed irradiation by the absorber.
The variation of the water distillate with mass flow rate for both types of results is noticed. However, the effect of the mass flow rate of brine water on the distillate produced at some global radiation is shown in Fig. 7 , whereas the distillate produced at global radiation of 950 W/m 2 (at around 11 a.m. for almost all mass flow rates of brine water) is examined. The figure indicates clearly that the best performance was obtained at ṁ of 0.348 kg/h for both the experimental and numerical results. Figure 8a , b shows the variation of the system's instantaneous efficiency with time for the experimental and numerical results. Both of the systematic and theoretical efficiency values were estimated using Eq. (11). The experimental instantaneous efficiencies were within the range of 3.5-15.5 %. It can be seen from Fig. 8a , b that the predicted efficiencies over the whole day and for all brine water mass flow rates are seen to be substantially higher than the corresponding experimental efficiencies, except for the mass flow rate of 0.348 kg/h around midday (i.e. between the hours 10.00 a.m. and 12.00 a.m.). On the other hand, the simulated efficiencies are seen to be somewhat flatter for all water mass flow rates although they have a peak around mid day, ranging between 8 and 15 %. In general, the agreement between both efficiencies, numerical and experimental, was reasonable, taking into consideration the assumptions incorporated into the mathematical model and the accuracy of measurements. The results of the current work agree well with similar work found in the open literature (Badusha and Arjunan 2013) .
Error analysis
The errors that occurred in measuring instruments are shown in Table 2 . The errors were calculated for thermocouples, pyranometer, anemometer, thermometer, and measuring jar. The minimum error that occurred in any instrument is equal to the ratio between its least count and minimum value of the output measured. To estimate the uncertainties in the results presented in this work, the approach described by Barford (1990) is applied. The uncertainty in the measurements is defined as the root sum square of the fixed error of the instrumentation and the random error observed during different measurements. Fig. 7 Comparison between experimental and numerical distilled water production against brine water mass flow rate 
Conclusions
It is known that the solar distillation exhibits considerable economic advantages over the other water distillation processes because it costs less, uses free energy, and reduces operating costs. Producing fresh water by a solar still with its simplicity would be a potential option to supply fresh water. In this work the unsteady-state thermal performance of tilted solar water still had been analyzed and predicted at various mass flow rates. The mathematical model was investigated to check the feasibility of employing such models in tilted solar water stills. The different modes of heat transfer of the still were modeled and numerical solution for the time-dependent governing equations was performed using Runge-Kutta method of the 5th order. Comparison between the numerical and experimental results was made. The results have provided the following findings:
1. The generally satisfactory agreement between the theoretical and experimental results indicate that the present mathematical model is feasible for solving the unsteady-solar water tilted stills, and can be used for preliminary design purposes to predict the influence of various pertinent parameters (radiation intensity, properties of glass cover, properties of absorber, ambient temperature, temperatures of the glass cover, the absorber plate, and the water flow solar still size, Heat transfer coefficients, and mass flow rate on the thermal performance of solar water tilted stills. 2. The distillate water produced was noticeably larger at the water mass flow rate of 0.348 kg/h than the other flow rates considered during most of the day. The system used was small in size, 0.5 m 2 exposure area, and for practical domestic applications one would need much larger exposure area. However, the whole purpose of this work was to check the success of the simulation model to analyze tilted solar water basins. 3. Optimization of the design parameters is possible with the thermal model proposed and can be used for large-scale installations 4. The correlations used in this work can be generalized for all types of solar stills 5. The best performance was obtained at ṁ of 0.348 kg/h for both the experimental and numerical results. 6. In general, the agreement between both efficiencies, numerical and experimental, was reasonable, taking into consideration, the assumptions incorporated into the mathematical model and the accuracy of measurements. However, the simulated efficiencies are ranging between 8 and 15, while experimental instantaneous efficiencies were within the range of 3.5-15.5 %. Pr, R i = insulation thickness/insulation thermal conductivity.
Nomenclature
